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Abstract

Saliva was tested and evaluated as a biological matrix for methadone (Mtd) monitoring. Conventional method using a
narrow bore C column, and an enantioselective method using a narrow bore a -acid glycoprotein column, were developed18 1

using liquid chromatography coupled with a mass spectromeric (MS) detector. After optimisation of MS conditions by flow
injection analysis, selected ion monitoring detection was used to enhance sensitivity. The total Mtd concentration and the
enantiomeric ratio in saliva were validated using an experimental design. The methods were applied to samples provided by
heroin addicts undergoing a Mtd treatment. Results on total Mtd determination showed a very poor correlation between
saliva and serum, whereas the enantiomeric ratios of Mtd gave a very good one.  2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction countries, Mtd is administered as racemate. Because
of important interindividual variability [3–8] and in

Methadone (Mtd) is a synthetic opiate used in order to prevent withdrawal symptoms, a dose
drug addict maintenance programs and in the man- adjustment is often required. Thus, it is particularly
agement of severe pain. In Switzerland, there are important to develop analytical methods which can
over 30 000 drug abusers of which |15 000 are determine the total Mtd concentration and the en-
undergoing a Mtd treatment. Mtd possesses one antiomeric ratio.
asymmetric carbon, as shown in Fig. 1, and the Liquid chromatography (LC) methods have al-
analgesic potency of R-Mtd is recognised as being ready been developed for conventional and
50 times greater than S-Mtd [1,2]. However, in most stereoselective determination of Mtd [1,2,9–18].

Other techniques, such as GC or CE have also been
used. Mtd was analysed in several biological fluids,
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such as serum [13,16,19–21], plasma781-5193.
[10,14,17,18,22–26], urine [19,25–28], hair [11,19],E-mail address: Jean-Luc.Veuthey@pharm.unige.ch (J.-L. Veu-

they) sweat [12,29] and saliva [29,30]. In comparison to
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Fig. 1. Structure of Mtd (M 309.5) showing the position of the chiral carbon atom (asterisk) and flow injection analysis of Mtdr

fragmentation.

serum, saliva is a clean matrix. Saliva is constituted conditions was carried out. Saliva and serum correla-
of 98% water and the protein concentration is of tions were tested for total concentration and enantio-
about 0.3 g /100 ml, while serum is constituted of meric ratio of Mtd.
91% water and has a protein concentration higher
than 6 g/100 ml [31]. Moreover, saliva analysis
implies a non-invasive collection technique, and is 2. Materials and methods
therefore very attractive for drug addict patients. A
number of studies have shown the applications of 2.1. Chemicals
drug monitoring in saliva [31–37]. For some drugs
(i.e. amphetamines, barbiturates, benzodiazepines), a Racemic methadone hydrochloride was obtained

¨good correlation between plasma and saliva con- from Hanseler (Herisau, Switzerland), R-methadone
centrations was demonstrated. In the case of Mtd hydrochloride was a gift from Hoechst (Frankfurt am
monitoring in saliva, Wolff and Hay [29] have found Main, Germany) and S-methadone hydrochloride
a correlation (r50.8) in 21 patients. was kindly supplied by Dr. C.B. Eap from the Unit

To our knowledge, no enantioselective studies of Biochemistry and Clinical Psychopharmacology
have been carried out for saliva and only the total (Lausanne, Switzerland). Acetonitrile and isopropa-

¨drug concentration has been determined and com- nol were obtained from ROMIL (Kolliken, Switzer-
pared to serum concentration. land). Trifluoroacetic acid (TFA) was purchased

Liquid chromatography–mass spectrometry (LC– from J.T. Baker (Phillipsburg, USA). N,N-Di-
MS) is known to be a powerful separation and methyloctylamine, acetic acid and ammonium hy-
detection technique in a large number of analytical droxide were purchased from Fluka (Buchs, Switzer-
fields, and particularly for the determination of drugs land). Water was obtained using a Milli-Q gradient
in biological fluids [38–42]. Its high sensitivity and A10 apparatus (Millipore, Molsheim, France). Other
selectivity present several advantages. chemicals were of HPLC or analytical grade and

In this paper, a saliva evaluation was conducted were used without any further purification.
for Mtd monitoring. The analyses were carried out
by LC–MS using an atmospheric pressure ionisation 2.2. Sample collection
electrospray (ESI) interface. Optimisation of the
mobile phases employed, as well as of detection Saliva and serum samples were obtained from
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patients undergoing a methadone treatment and were min. 2 ml of filtered saliva was directly injected in
provided by the Division d’abus de substance the LC–MS system.

´(Geneva, Switzerland) or by the Fondation Phenix For the enantioselective analysis of Mtd, a chiral
(Geneva, Switzerland). Racemic methadone was a -acid glycoprotein (AGP) AGP, 5 mm, 10032 mm1

¨administered orally either as a liquid, a tablet or a I.D. column (ChromTech, Hagersten, Sweden) and a
suppository. The dose range of racemic Mtd was 1032 mm precolumn containing the same stationary
between 15 to 305 mg per day. Blood and saliva phase were used. For the saliva analysis, the mobile
samples were taken from each patient after three phase was constituted of a 0.01 M ammonium
weeks of administration, so that a steady state was acetate buffer, containing 0.05% of N,N-dimethyloc-
reached and were collected 24 h after the last intake. tylamine set at pH 6.6–isopropanol (85:15, v /v), and

Salivette (Sarstedt, Sevelen, Switzerland) was using a flow-rate of 0.25 ml /min. 5 ml was injected
used for saliva collection. After being soaked for 2 and MS detection was carried out.
min, the cotton roll was placed in the container and MS conditions were the same for the conventional
centrifuged 5 min at 1000 g. The volume of saliva and enantioselective analysis of saliva. Detection of

1collected was between 100 and 1500 ml. The clear the molecular ion M1H 310 (Mtd) was conducted.
saliva was frozen at 2208C. The blood was collected The other optimised parameters were fragmentation
in a glass tube and the serum was obtained by 10 voltage of 70 V in positive mode, drying gas
min centrifugation at 1000 g and stored at 2208C. temperature at 3508C, drying gas flow-rate of
Blank saliva and serum samples were obtained from 8 l /min, nebulisation pressure of 25 p.s.i. and
an healthy volunteer. capillary voltage of 3000 V (p.s.i.56894.76 Pa).

2.3. Sample preparation 2.5. Validation procedure

For the saliva, sample preparation was achieved Since only the enantiomeric ratio has to be
by a simple filtration. 100 ml of saliva was filtered on determined in saliva, the latter was validated in two
a 0.2 mm nylon membrane filter (Millipore) and steps. Firstly, linearity, repeatability and reproduci-
directly injected in the LC–MS system. The serum bility of the ratio determination was evaluated be-
sample was extracted using a liquid–liquid extraction tween 0.11 and 9 (respectively 10 and 90% of
procedure, a technique already published [9], and R-Mtd) with a constant Mtd concentration of 500
was analysed by LC–UV. For saliva and serum ng/ml. Secondly, the evaluation of the ratio de-
analysis, the same sample was used for the conven- termination robustness according to the total Mtd
tional and enantioselective determinations. concentration, was conducted using an experimental

design.
2.4. Liquid chromatography

2.5.1. Linearity
A LC system HP Series 1100 (Hewlett-Packard, Linearity was carried out over 3 days. The mea-

Palo Alto, CA, USA) with UV detector was em- sured R/S ratio, determined as the peak area ratio,
ployed for all experiments. For MS detection, a HP was reported as a function of the theoretical ratio.
Series 1100 MSD (Hewlett-Packard) equipped with Five spiked saliva standards, prepared thrice at a
electrospray source and orthogonal sprayer was used. constant methadone concentration of 500 ng/ml and
HP Chemstation software, version 6.01, was used for containing various R/S ratios (0.11, 0.43, 1, 2.33
instrument control, data acquisition and handling. and 9), were injected. Variance homoscedasticity was

For the conventional analysis, a C AB Nucleosil verified using a Cochran test for the ratios de-18

100, 5 mm, 12532 mm I.D. (Macherey–Nagel, termined each day, as well as over 3 days. In
¨Duren, Germany) and a precolumn 1032 mm con- function of the results, a linear regression analysis

taining the same stationary phase were used. The can be applied. The values of the slope and intercept
mobile phase was constituted of TFA 0.1% in water– were tested using a Student t-test, at a confidence
MeCN (60:40, v /v), using a flow-rate of 0.25 ml / interval of 95%.
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2.5.2. Repeatability and recovery containing 0.05% of N,N-dimethyloctylamine
On each day, three quality control samples were (DMOA) set at pH 6.6,–isopropanol (85;15, v /v). In

injected after being prepared four times with a R/S order to enhance the sensitivity of the MS detection,
ratio equal to 0.25, 1 and 4. These standards were the concentration of DMOA was optimised, the latter
used to calculate the recovery, the repeatability and acting as an ionisation inhibitor. Indeed, sensitivity
the reproducibility of the method. Each value was was five times better without DMOA than with 0.1%
recalculated using the regression line of the corre- of DMOA. But, the use of this modifier dirties the
sponding day. Recovery values were obtained by nebulisation chamber and which therefore requires a
dividing the recalculated R/S ratio by the theoretical daily maintenance to preserve the quality of the
ratio multiplied by 100. For each concentration, the analysis. However, DMOA is necessary to ensure
mean value was calculated over the 3 days. Re- optimal efficiency and resolution between enantio-
peatability and reproducibility were calculated ac- mers. DMOA concentration was set at 0.05% and the
cording to the SFSTP procedure [43]. isopropanol percentage in the mobile phase was set

at 15% for a short analysis time. 5 ml was injected in
2.5.3. Experimental design the LC system. The flow-rate was set at 0.25 ml /min

In order to test the ratio determination perform- and the temperature at 258C. After 200 injections, the
ance on a wider range of Mtd concentrations, an back-pressure and the performance of the system
experimental design procedure was used. The con- were not modified.
centration of Mtd varied from 50 to 950 ng/ml and The optimisation of the mass spectrometer param-
the R/S ratio from 0.11 to 9. The experimental eters was carried out by flow injection analysis
design selected was a central composite design with (FIA). Fragmentation voltage (50–150 V), nebulisa-
two factors (concentration and R/S ratio). The center tion pressure (6–60 p.s.i.), drying gas pressure (3–13
point (R/S ratio51) was repeated five times and all l /min), as well as capillary voltage (2000–6000 V)
the other points were carried out four times to were tested. These parameters are of great impor-
evaluate the repeatability, and the influences of the tance for the optimal nebulisation of the solution and
two studied parameters, on the response. Thirty ionisation of the analyte. An aqueous standard
seven experiments were performed randomly and solution, containing 10 ppm of Mtd, was injected
two responses studied: relative accuracy [(measured every 1.2 min. Between each injection, the studied
ratio / theoretical ratio)?100] and repeatability. All parameter was incremented.
results were treated using Nemrod 3.0 software Fragmentation voltage is an important parameter
(LPRAI, Marseille, France). The equations obtained for MS detection with ESI, since it allows one to
by multidimensional regression were expressed as a induce molecule fragmentation and enhance the

2polynomial function y 5 b 1 b x 1 b x 1 b x 1 selectivity. Indeed, in addition to the molecular ion0 1 1 2 2 11 1
2 1b x 1 b x x , where x corresponds to the theoret- (M1H ), some fragments can be observed. But, in22 2 12 1 2 1

ical R/S ratio, and x to the total Mtd concentration. order to reach the best sensitivity, the fragmentation2

Response surfaces were drawn for each studied of the molecular ion is not desirable. The fragmenta-
response. tion voltage for Mtd was studied between 50 and 150

V with results shown in Fig. 1. Up to a fragmentation
voltage of 70 V, only molecular ion 310 was

3. Results and discussion observed. Above this voltage two fragments appear
with masses of 265 and 223. The best sensitivity of

3.1. Optimisation of LC–ESI-MS parameters the detector was reached with a voltage of 70 V. The
nebulisation pressure was also varied from 6 to 60

For the determination of total Mtd, LC–ESI-MS p.s.i. It was observed that below 10 p.s.i., nebulisa-
analysis used a mobile phase containing 0.1% TFA tion was not regular. Therefore, the background
in water–acetonitrile (60:40, v /v). For the enantio- signal increased considerably and sensitivity de-
separation of methadone enantiomers, an ammonium creased. This pressure was set at 25 p.s.i. for all the
acetate buffer solution (10 mM) was employed following investigations. The drying gas temperature
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was fixed at 3508C. This high temperature did not spiked with 100 ng/ml of racemic Mtd (b) and
decompose Mtd which is not thermolabile. The patient saliva (c).
drying gas flow-rate was varied between 3 and 13
l /min. Below 6 l /min, the evaporation of the mobile 3.2. Conventional analysis
phase was not complete. Consequently, a background
noise was created and the signal was reduced. A The total determination of Mtd in saliva was tested
value of 8 l /min was set for all the following by LC–MS and gave good results on spiked samples.
investigations. The capillary voltage was varied After more than 100 injections of saliva samples,
between 2000 and 6000 V. This parameter had no chromatographic stability and reproducibility did not
influence and a value of 3000 V was selected. In change significantly, nor was there any relevant
these conditions, sensitivity was good and only a change in column back-pressure. The method was
very small amount of Mtd (1 ng/ml) was detected. applied to 28 saliva samples and the results were
Fig. 2 shows the LC–MS of blank saliva (a), saliva compared to those obtained with serum. As shown in

Fig. 3, no correlation was observed between serum
and saliva concentrations. These results are in agree-
ment with the theory described in the literature [35],
concerning the transport of a drug through lipid
membranes which separate the saliva ducts from the
systemic circulation. When equilibrium is reached,
saliva /plasma ratio depends on the molecule pK , ona

the plasma and saliva pH, as well as on the free drug
concentration (Eq. (1)):

(pK –pH )a saliva Free.DrugDrug 1110 plasmasaliva
]]] ]]]]] ]]]]]5 ?(pK –pHa plasma)Drug Free.Drug1110plasma saliva

(1)

Therefore, saliva is only representative of the free
fraction of drug in plasma. However, saliva pH (ca.
6.5), as well as its volume, can vary dramatically
according to the sample collection (stimulation,
chewing gum, etc.) and to previous ingestion. Fur-
thermore, saliva monitoring is not appropriate for
compounds of pK which are close to the saliva anda

blood pH. In the case of Mtd (pK 8.3), a weaka

variation of the saliva pH can involve a modification
of the Mtd passive diffusion in saliva. This is why a
poor correlation was observed between total drug
concentrations.

3.3. Enantioselective analysis
Fig. 2. (a) Blank saliva, (b) saliva spiked with 100 ng/ml of
racemic Mtd, (c) patient saliva. R-mtd: t 57.5 min, k957.8,R Despite the fact that no correlation was found in
N52100; S-mtd: t 59.3 min, k959.9, N52080; Rs52.45, a 5R the total Mtd concentration between saliva and
1.3. LC parameters: as described in Section 2.4. MS parameters:

serum, an enantioselective determination was carriedfragmentation tension of 70 V in positive mode, drying gas
out to evaluate the R/S ratio correlation for bothtemperature of 3508C, drying gas flow-rate of 8 1/min, nebulisa-

tion pressure of 25 p.s.i. and capillary voltage of 3000 V. matrices. The ratio determination was validated and
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Fig. 3. Correlation between saliva and serum Mtd concentrations for 28 patients.

the procedure applied to patients participating in a slope was not different from 1 and the intercept not
clinical study. significantly different from zero. The linear model

proved thus to be completely suitable.
3.3.1. Linearity

3.3.2. Repeatability and recovery and limit ofThe variances of the measured ratios were
quantificationhomogeneous in the tested range (ratio from 0.11 to

The results obtained are summarised in Table 1.9) for the 3 days. The linear regression was calcu-
The recovery values included all the 100% at alated and gave the following equations:
confidence interval (C.I.) of 95%. The highest values

2Day 1: y 5 0.9776x 1 1.4407 (R 5 0.9997) for repeatability and reproducibility were obtained
for the ratio 0.25 and were equal to 3.0% and 5.1%,

2Day 2: y 5 0.9789x 1 1.0718 (R 5 0.9998) respectively. The ratio determination is repeatable
and reproducible at a constant Mtd concentration of

2Day 3: y 5 0.9909x 1 0.5453 (R 5 0.9991) 500 ng/ml. Using MS detection in the SIM mode,
the absolute limit of quantification of methadone,

Recalculated values exhibited a RSD inferior to expressed as a signal-to-noise ratio of 10, was 5
3% at each concentration level. The theoretical R/S ng/ml. The use of MS detection allowed a gain of
ratio was then reported in function of the recalcu- about 50 in absolute determination of methadone
lated R/S ratio. A Student t-test was applied: the compared to UV detection [21].
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Table 1
Recovery, repeatability and reproducibility values k53, n54

R/S ratio Within-day Between-day

Day 1 Day 2 Day 3 Mean6C.I. Recovery6C.I.% Repeatability Reproducibility
(%) (%) (%)

0.25 0.27 0.25 0.24 0.2560.01 100.462.91 3.0 5.1
1.00 1 1.02 1 1.0060.02 100.260.82 1.4 1.4
4.00 3.95 3.95 3.99 3.9660.13 99.860.63 1.1 1.1

Mean 100.161.76 1.8 2.5

3.3.3. Robustness the sample concentration. Therefore, the ratio de-
An experimental design was used to test the termination is robust, repeatable and reproducible in

robustness of the ratio determination, according to the therapeutic domain of Mtd in saliva.
the concentration of total Mtd in the sample. Re-
sponse surfaces can be drawn, as shown in Figs. 4
and 5. The relative accuracy was between 95 and 3.3.4. Application to clinical cases
105% in the studied domain, except for samples with Determination of R/S ratio in saliva was carried
low concentration (,200 ng/ml) and low R/S ratio out on 100 clinical samples. The results obtained
(,0.4) and the mean response was 102.3%. The were compared with those determined in serum by
response surface for repeatability was rather similar. an enantioselective LC–UV procedure published
Again, the highest error was observed for low previously [9]. Fig. 6 shows a good correlation
concentration and low R/S ratio samples. The mean (r50.91) between these ratios. However, the ratio
repeatability was 1.0%. Considering these results, the observed in saliva was included between 1 and 9,
ratio determination was very slightly influenced by while in serum this ratio was between 0.5 and 3. This

Fig. 4. Recovery response surface.
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Fig. 5. Repeatability response surface.

result can be easily explained since it has been developed for the determination of Mtd in saliva.
reported that the ratio determined in saliva is repre- Coupling mass spectrometry to liquid chromatog-
sentative of the free methadone fraction only. Be- raphy allowed detection of very low concentrations
cause in blood S-Mtd is preferentially bounded to of compounds. Thus, there was no need for a sample
proteins [44], its free fraction is reduced and results preconcentration step before analysis. A sample
in a higher R/S ratio in saliva. filtration was sufficient to avoid clogging of the

Measuring the R/S ratio of Mtd in saliva with this chromatographic column or of the MS interface
procedure presents many advantages. The method is capillary. The detector selectivity enabled to simplify
very fast and costless, because of the absence of the extraction procedure. An optimisation of mobile
sample preparation, and results in a high throughput phase and MS conditions was conducted by FIA.
sample procedure. Moreover, as a non-invasive The enantioselective analysis was validated and
technique, the method is very attractive for patients. showed very good results. The method was applied
In the case of Mtd, the serum R/S ratio, which to samples taken from heroin addicts undergoing a
interests the clinician, can be easily obtained by Mtd treatment. Results exhibited a very poor correla-
measuring the saliva R/S ratio as shown in Fig. 6. tion between saliva and serum total Mtd concen-
This fast R/S ratio determination can be complemen- tration. The enantiomeric ratio of Mtd in saliva was
tary to a total determination of Mtd concentration by established and showed a good correlation with the
radio immunoassay for example, as it also does not R/S ratio of serum. Using saliva makes it easy to
require a sample preparation. determine the enantiomeric ratio of Mtd. The R/S

ratio measured in saliva is always higher because this
matrix reflects the unbound fraction in serum. Saliva
samples are more convenient as they allow a non-

4. Conclusion invasive collection, and require a rapid, low cost and
easy sample preparation. Furthermore, using LC–MS

An achiral and an enantioselective method were induces very good repeatability and reproducibility.
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Fig. 6. Correlation between saliva and serum ratios.
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